We report on quantum cascade lasers employing waveguides based on a predominant air confinement mechanism in which the active region is located immediately at the device top surface. The lasers employ ridge-waveguide resonators with narrow lateral electrical contacts only, with a large, central top region not covered by metallization layers. Devices based on this principle have been reported in the past; however, they employed a thick, doped top-cladding layer in order to allow for uniform current injection. We find that the in-plane conductivity of the active region -when the material used is of high quality -provides adequate electrical injection. As a consequence, the devices demonstrated in this work are thinner, and most importantly they can simultaneously support air-guided and surface-plasmon waveguide modes. When the lateral contacts are narrow, the optical mode is mostly located below the air-semiconductor interface. The mode is predominantly air-guided and it leaks from the top surface into the surrounding environment, suggesting that these lasers could be employed for surface-sensing applications. These laser modes are found to operate up to room temperature under pulsed injection, with an emission spectrum centered around λ ≈ 7.66 µm.
Introduction
The quantum cascade (QC) laser [1] has proven to be a promising mid-infrared and THz laser source. It can efficiently cover the first and second atmospheric windows [2, 3] , an important wavelength range for chemical and bio-sensing, and for free-space optical communications. In particular the performances of these devices have rapidly progressed, thanks to improved material properties and to the use of more advanced processing/packaging techniques [4, 5, 6] .
QC lasers are now used as laser sources in conventional spectroscopic setups for gas detection [7, 8] , and their characteristic high power and single mode operation have allowed the demonstration of detection capabilities down to the ppb (part-per-billion). The possibility of performing intra-cavity spectroscopy or sensing [9, 10, 11, 12, 13, 14, 15, 16, 17] with quantum cascade lasers is an alternative intriguing approach [18, 19, 20, 21] . In such a scheme, the laser would react to a material (gas, fluid, or solid particles) deposited within or on the surface of the laser by detuning its emission wavelength or increasing its threshold current density. There are a variety of laser cavity geometries that are amenable to such intra-cavity sensing. These include porous photonic crystal laser structures [9, 10, 11, 15, 22] , edge-sensitive microdisk and microring lasers [19] , or top-surface-sensitive devices in which the optical mode leaks above the semiconductor surface [21, 23, 24] . While the former approach involving photonic crystals can theoretically provide the highest sensitivity, since the intra-cavity region is accessible through the photonic-crystal holes, these structures also are more difficult to fabricate. In addition, for many applications where QC laser intra-cavity spectroscopy would be most interesting, such as in the analysis of chemical or biological macromolecules in fluids, room-temperature (RT) operation is highly desirable as this would allow for sensing of a much wider variety of substances in their natural state. The top-surface-sensitive laser approach, although providing a smaller sensitivity, is much less challenging to fabricate.
A simple strategy to obtain leakage of the optical mode from the top surface of the device is to employ a waveguide where the laser optical mode is guided by the top air-semiconductor interface (see Fig. 1 ). The top surface must not be covered by metal, but the current has to be injected into the devices, possibly through narrow lateral contacts (see Fig. 2 ). Previous devices that employed this architecture made use of thick top, doped semiconductor claddings in order to provide uniform current injection [23, 24] . However, the use of top cladding layers limits the amount of optical field that extends above the device surface. In order to enhance the surfacesensitivity, the QC lasers studied in this work are formed from semiconductor heterostructures originally designed for operation as surface-plasmon lasers, with no top cladding layers. The peculiarity of this approach is that the same heterostructure can be processed as a surfaceplasmon QC laser [25, 26] , if the metal contacts cover the whole surface of the device, or as an air-confinement device, if only narrow lateral contacts are deposited and the top surface is left exposed. The transition between these two regimes is smooth. If most of the device top surface is metal coated, then the mode will be mostly plasmonic. On the other hand, if most of the device top surface is left exposed -as in our case -then the mode will be mostly air-guided. For this work we decided to employ narrow lateral contacts in order to (i) reduce the propagation losses and (ii) maximize the amount of energy that leaks out of the device top surface.
The outline of the paper is as follows. In section 2 we describe the modal properties of the laser modes using a one-dimensional transfer matrix model. More detailed finite-element method (FEM) simulations of the waveguide laser structure (as well as of edge-sensitive microdisk and micro-ring lasers) will be presented in a separate theoretical paper [19] . Section 3 details the fabrication and characterization of the laser structure, and in section 4 we describe several tests used to positively identify the laser mode as the dominantly air-guided mode of the laser structure. Finally, we conclude in section 5 by summarizing the results and discussing the potential applications of such devices. Waveguide calculations, performed in a 1D transfer matrix approach, for two different waveguide geometries applied to the same heterostructure. Dark blue-line: surfaceplasmon waveguide mode with a gold plasmon-carrying layer (Γ = 90%, α = 48 cm −1 ). Light blue-line: air-confinement waveguide with removal of the top n + -layers (Γ = 72%, α = 3 cm −1 ). The grey areas correspond to the laser active region. The surface is located at x = 0 and the red area is the portion of the mode that leaks evanescently above the surface. Its "confining" factor Γ air is ≈ 0.9%.
Waveguide design
The layer sequence of the QC laser structure studied in this work is shown in Table 1 . The two waveguide solutions, air-guided and surface-plasmon, of this laser structure are summarized in Fig. 1 and are thoroughly discussed in a separate theoretical paper [19] . The figure shows a 1D simulation, performed within a transfer-matrix approach, for these two geometries. We consider a typical QC laser active region, ≈ 2.6 µm thick, sandwiched between a 0.5-µm-thick InGaAs bottom cladding layer (n-doped 5x10 16 In the first case (surface-plasmon waveguide), metallic contacts are deposited on the whole device surface. It is well known that a metal-semiconductor interface can sustain surfaceplasmon waves [25, 26, 28]. The resulting waveguide mode is shown in Fig. 1 (dark blue curve). A confinement factor (Γ) of 90% and a value of 48 cm −1 for the losses (α) are obtained if a gold surface-plasmon carrying layer [26] is employed. No penetration of the mode above the device surface is to be expected if the top metal is not patterned, since the skin depth (δ s ) is extremely short. We estimate in fact δ s ≈ 10 nm for gold at a wavelength λ = 8 µm.
In the second case (air-confinement waveguide), the mode is guided at the semiconductor-air interface. An evanescent electric field is to be expected on the top surface of these devices ( Fig.  1) , since a portion of the laser mode (Γ air ) leaks out evanescently from the device top surface. A 1D calculation yields Γ = 72% and α = 33 cm −1 . However the losses are largely induced by the thin, highly doped n+ layers on the top surface of the device. If the 100-Å-thick n +top-layer is removed (as usually happens during device processing), the resulting confinement factors and losses become Γ = 72%, and α = 3 cm −1 . Taking into account the mirror losses for a typical resonator length of 1.5 mm, the air-confinement waveguide should exhibit a figure of merit approximatly 4 times better than a surface-plasmon waveguide. Note, however, that a 1D calculation inevitably underestimates the losses for an air-confinement waveguide, since it does not include the presence of the lateral (lossy) metallic contacts. 
Device fabrication and characterization
The laser heterostructure (sample MR2230) was grown by low pressure metal organic vapor phase epitaxy (MOVPE), using an In 0.53 Ga 0.47 As/Al 0.48 In 0.52 As lattice matched to a highlydoped InP substrate. Further details of the growth process can be found in [29] . The active regions are based on a 2-phonon-resonance design (Ref.
[30]), with the lasing transition designed for nominal emission at λ = 7.5 µm. Fifty active-region/injector stages were grown, preceded by a 500-nm-thick InGaAs layer doped to n =5x10 16 cm −3 and followed by InGaAs contact facilitating layers. For this work, the laser structure has been processed in a Fabry-Perot ridge geometry with only narrow lateral contacts. An HBr-based wet chemical etch has been used to define the laser resonators. A large portion of the device surface is left exposed, as shown in Fig. 2(c) . The fabrication procedure is sketched in Figs. 2(a) and 2(b). Lasers with waveguide ridge widths of 26, 31, 36, and 41 µm, and nominal air-gap opening widths of 16, 21, 26, and 31 µm, were fabricated. The thin, highly doped top contact layer can be removed either by wet chemical etch, or by RIE ( Fig. 2(b) ). However, the top contact layer gets most probably removed during the surface cleaning of the sample with oxygen plasma followed by de-oxydation with HCl/HF, making the final etch-procedure described above often unnecessary. After mechanical polishing and back contact deposition (Ti/Au -10/120 nm), the samples are cleaved into laser bars, mounted with indium solder on copper blocks, wire-bonded and loaded in a cryostat for device characterization. Figure 3(a) shows the current-voltage (IV) characteristics of a typical device. Its sharp turnon is evidence that the current is efficiently injected, and that the contribution of the thin, top n + layers to the lateral current spreading is not essential. In fact, the inherent lateral conductivity of the active region dominates the current spreading process, with measurements on test-structures fabricated from the same wafer yielding an effective lateral current spreading extent of 20-25 µm [28] . We found that efficient current injection can be achieved (as determined by laser threshold) in laser ridges with widths as wide as 41 µm (corresponding to an air gap of 31 µm), provided that two lateral top contacts are used. If current is injected from one of the two top contacts only, the maximum device operating temperature drops (from RT to 250K).
The light-current (LI) characteristics of a 36-µm-wide device is reported in Fig. 4 . The device achieves lasing in pulsed-mode up to room temperature. The peak output power is ≈ 100 mW at 78K, and ≈ 10 mW at 300K. Finally, Fig. 3(b) reports typical laser emission spectra for different operating temperatures. At a temperature of 78 K the emission is peaked at λ = 7.3 µm, while at 300K the emission is detuned by 0.4 µm, up to λ = 7.7 µm. The devices exhibit clear Fabry-Perot fringes (Fig. 3) , which yield an effective index of refraction n eff = 3.41 at T = 78 K, and an n eff = 3.44 at RT.
Mode identification
Two-dimensional waveguide simulations show that, in principle, a laser mode exists that is completely guided by the lateral metal bands used for current injection (see Fig. 5(b) and Ref. [19] ). On one hand this mode exhibits much higher propagation losses than the predominantly airguided mode (Fig. 5(c) ). On the other hand, it benefits from a better current injection given that it is located exactly below the metallic contact bands. It is necessary to exclude that this mode is excited in the current devices. Two tests were performed to achieve this goal: the emission far-field of a typical airconfinement laser fabricated for this work was characterised and compared with realistic 2D numerical simulations, and a Ti/Au metal deposition with a very thick (and therefore lossy) Ti sticking layer was employed. The results of the two tests -which are described in detail below -indicate that the optical mode is predominantly guided at the air-semiconductor interface.
Two-dimensional numerical simulations of the waveguide mode were performed using a finite-elements solver [31] . The detailed device geometry used for the simulations, reported in Fig. 5(a) , has been deduced from SEM images of the fabricated devices. The index of refraction of the semiconductor layers was obtained with a simple Drude-Lorentz model, while the values for the metal and for the SiN layers were taken from Refs.
[27] and [32], respectively.
The simulations provide the value of the electric field across a longitudinal cross-section of the device end-facet. Under the approximation that this is identical to the electric field distribution outside the facet, the laser far-field emission pattern can be obtained via the following formula[33]: where E(x,y) is the electric-field vector at the position x,y on the laser facet; E f ar (θ x ,θ y ,R) is the electric field vector in the device far-field at a distance R and angles θ x ,θ y as defined in Fig.  6(a) ; λ is the vacuum wavelength and k = 2π λ . Figure 6 (b) shows the calculated device far-field as a 2D color-plot. The θ x angular direction contains information on the lateral structure of the optical mode. In fact, the 1D sections of the far-field pattern obtained at fixed θ y are not single peaked, but they are instead structured, as it is evident from the 2D surface-plot of the calculated far-field (see Fig. 6 (c)). A 1D far-field pattern calculated at θ y = 0 ( Fig. 6(d) ) is compared to the experimental result ( Fig. 6(e) ) obtained by performing a θ x scan of the detector while keeping θ y = 0. The agreement is excellent, and it strongly suggests that the measured laser mode is that of the predominantly air-guided mode in the simulations reported in Fig. 5(c) . Note: the structured far-field emission pattern is a trace of the mode hybrid nature. In fact, a mode that is localized below the air-semiconductor or metal-semiconductor interface only would not give rise to such oscillations, but it would instead produce a simple Gaussian-like far-field profile.
Additional evidence that the actual lasing mode is not guided by the lateral metal contact layers as in Fig. 5(b) , is that the devices studied in this work were fabricated using Ti/Au metal contacts deposited by radio-frequency sputtering. We have previously observed that such metal layers, when used for creating surface-plasmon QC lasers, introduce a significant amount of ad- ditional optical loss, due to the difficulty of controlling the deposition of very thin (few tens of Angstroms) Ti layers, thus preventing lasing action in such devices. The fact that the measured devices in this case have relatively low threshold currents and high operating temperatures, is again another indication that the metal contact layers are not significantly involved in waveguiding of the laser mode, and that the laser mode is indeed predominantly guided in the uncovered air-gap region of the laser ridge, as in Fig. 5(c) .
Conclusions
In conclusion, we implemented quantum cascade lasers with air-guided modes on structures where the active region is immediately at the surface of the devices. The lasers operate up to 300K, in pulsed mode, with peak output powers of ≈ 10 mW. The analysis of the temperature, spectral and far-field behavior confirms the results of the numerical simulations.
The leakage of the optical mode from the top surface of the devices represents a useful degree of freedom towards the development of laser devices that are sensitive to a material or a fluid deposited on their top surface. An example application is that of intra-cavity spectroscopy or sensing with QC lasers for the detection of fluids and their constituents. Initial sensing experiments with fluids will target the identification of common solvents like isoproponal and ethanol. The evanescent electric field at the device surface could be also directly observed with near-field microscopy techniques[34], transforming the QC laser into a local probe.
In general, the ability to laterally electrically inject QC surface-sensitive laser devices is of importance for the creation of a variety of laser geometries, in particular microcavity lasers such as microdisks and photonic crystals. The lack of top metal contacts allows the semiconductor etch via dry-etching without the problem of metal re-deposition inside the photonic-crystal holes. At the same time, the reduced epitaxial thickness will not require a deep semiconductor etch, which is often a challenging technological issue. Finally, these devices are dual-use: two different waveguide geometries (air-guided ans surface-plasmon) could be simultaneously implemented on the same laser heterostructure.
